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Abstract: We demonstrate that the unique characteristics of random lasing 
in bone can be used to assess  nanoscale structural alterations as a 
mechanical or structural biosensor, given that bone is a partially disordered 
biological nanostructure. In this proof-of-concept study, we conduct 
photoluminescence experiments on cortical bone specimens that are loaded 
in tension under mechanical testing. The ultra-high sensitivity, the large 
detection area, and the simple detection scheme of random lasers allow us to 
detect prefailure damage in bone at very small strains before any microscale 
damage occurs. Random laser-based biosensors could potentially open a 
new possibility for highly sensitive detection of nanoscale structural and 
mechanical alterations prior to overt microscale changes in hard tissue and 
biomaterials. 
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1. Introduction 
Random lasers are multiple-scattering-induced lasers that do not rely on any well-configured 
resonant cavities, because in random lasers, resonant cavities are randomly self-formed due to 
multiple scattering [1,2]. After light localization for random lasing was theoretically predicted 
[3], several experimental studies were conducted to understand the origin of multiple discrete 
peaks in random lasing emission (specifically coherent random lasers) in many types of 
material systems ranging from strongly scattering regimes to weakly scattering regimes [4–9]. 
Currently, the exact origin of coherent random lasers is understood on the basis of two 
mechanisms [7]: i) Spontaneous emission events can be significantly amplified through a long 
light path, showing chaotic behavior (i.e. amplified spontaneous emission) [10,11]. ii) 
Deterministic laser cavities can be randomly formed due to multiple scattering in disorder 
gain media and thus the narrow emission peaks correspond to physical laser cavity modes (i.e. 
coherent random lasers) [6,7,12]. In particular, most of the previous studies strongly imply 
that resonant modes in coherent random lasers should be closely correlated with the structural 
properties of the random media such as refractive index and internal structure variations. 
Although random lasers have been the objective of intensive investigations, they still await 
novel applications. In our previous study [13], we reported that bone tissue can be an ideal 
material for random lasers, because bone is a biological nanostructured dielectric in an 
intermediate regime between ordered photonic structures and completely disordered 
nanostructures [14]. In our recent study [15], we further demonstrated potential advantages of 
the random laser spectroscopic technique including ultra-high sensitivity to nanoscale 
perturbations, large detection areas/volumes, and easy detection. Because the properties of 
bone at the microscale have been intensively studied for better understanding how bone 
deforms and fractures in terms of plasticity and toughness, one intriguing application of 
random lasers is to study the mechanical and structural properties of bone. As the first step 
toward this research direction, in this study we demonstrate, for the first time to our 
knowledge, that random lasing in bone can be used to assess prefailure nanoscale deformation 
in bone at small strains before any conventional damage occurs. Specifically, we report that 
the random laser-based spectroscopic method can allow the detection of nanoscale structural 
perturbations in bone under mechanical testing, and that our simple numerical study can 
provide insight on possible underlying mechanisms at bone prefailure stages. 
2. Materials and methods 
2.1. Bone specimen preparations 
We prepared for cortical bone specimens from bovine femurs following the previous 
preparation procedure [16]. In brief, we sectioned longitudinal block beams from the 
diaphysis of bovine femurs using a precision saw. We used a mill to make a v-shaped notch, 
which can serve to concentrate the stress at the root of the notch. We further sectioned the 
notched block into thin wafers and polished them by using polishing papers with 
progressively finer grade and finally with 0.3-µm alumina powder. The dimension of the final 
cortical bone specimen was approximately 50 mm x 4 mm x 200 µm. Figure 1(a) illustrates 
that the longest dimension of the specimen was along the longitudinal orientation of the bone 
structure (i.e. the mineralized collagen fibrils are relatively aligned in this orientation). To 
assess physical parameters of bone structure for numerical studies, we obtained scanning 
electron microscopy (SEM) images. As shown in Fig. 1(b), the magnification SEM image of 
our cortical bone specimen displays the profiles of the relatively well-aligned collagen fibers 
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Fig. 1. (a) Schematic illustration of bone specimen preparation. (b) Representative SEM image 
of the bone specimen. The collagen fibrils with the diameter of ~100 nm are relatively well-
aligned. 
2.2. Photoluminescence experiments 
In optical lasing measurements, to optically pump the specimen, we used a tunable pulsed 
laser (optical parametric amplifier pumped with a Ti:sapphire regenerative amplifier). The 
pump laser wavelength was at ~690 nm, which is the absorption peak of Rhodamine 800. The 
pulse width was 100 fs and the repetition rate was 1 KHz. The pumping beam was focused 
normally onto the specimen through a cylindrical lens to form a narrow strip of ~150 μm × 5 
mm along the notch direction as shown in Fig. 2. The pumping strip was along the transverse 
orientation of the bone structure to maximize light confinement for random lasing. When the 
pumping strip was along the longitudinal orientation, random lasing action was hardly 
observed at the sample pumping power, supporting the idea that the partially disordered bone 
structure in the transverse orientation is primarily responsible for light confinement. The 
emission light was collected with an acquisition time of 1 second from the side using a fiber 
bundle through a lens and coupled to a spectrometer with the resolution of ~0.2 nm. The 
pumping illumination was blocked by a 20-nm bandpass filter centered at 720 nm. The 
specimen was covered with a microscope slide. Kimwipes were connected to an ethanol 
reservoir below the specimen to keep the specimen wet and to avoid the aggregation of the 
laser dye. 
 
Fig. 2. Photoluminescence experiment setup. A narrow strip of the Ti:sapphire laser 
illumination is normally focused onto the surface of bone tissue along the transverse 
orientation. 
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We used a miniaturized tensile testing device to introduce tensile force to the bone specimen. 
Using this device, we can apply tensile force onto the specimen symmetrically, which 
eliminates the shift of the notch tip during loading. We acquired sequential data for each 
specimen before loading, under peak loading, and after removal of the loading. To induce 
minimal yet detectable deformation at the stress concentrator (i.e. the notch area), the tensile 
force applied on the specimen was 2.0 lbs (= 8.9 N). We also performed digital image 
correlation (DIC) analysis on the bone specimen immersed in the ethanol solution to estimate 
strain under the peak loading [16]. Under the current experimental conditions, the DIC 
analysis showed that a peak strain can be as high as −0.2% (i.e. compression) at around the 
notch area along the transverse orientation. In the previous study [16], opacity in transmission 
microscopic images was formed when an absolute value of strain was ~1.0% in the cortical 
bovine bone specimen that was loaded in tension with the tensile load of ~20–40 N. Under our 
experimental conditions, we confirmed that no opacity zones, microcracks, or other damage 
occurred by examining the specimen using a microscope in both reflectance and transmission 
modes. 
2.4. Numerical simulation 
To gain a better understanding of our experimental results, we conducted a numerical study 
using a finite element method of electromagnetic analysis, similarly to our previous studies 
[13,15]. We intended to address possible underlying nanoscale deformation mechanisms that 
can be attributable to the random laser emission spectra. As illustrated in Fig. 3, we 
approximated the bone structure to a quasi-one-dimensional (1D) multilayer structure 
consisting of the collagen fibrils and the interfibrillar space. This is because the narrow strip 
of the pumping illumination was along the transverse orientation of the cortical bone (i.e. 
perpendicular to the orientation of the mineralized collagen fibrils). We simulated passive 
modes without gain or absorption (i.e. the refractive indices in the system are real numbers) 
using Comsol Multiphysics 3.5a. In this case, the wavevector is a complex number: κ = Re(κ) 
+ i*Im(κ), which contains both resonant frequencies and losses. We obtained the eigenvalues 
of the system to estimate resonant modes and quality (Q) factors ( = |Re(κ)/(2*Im(κ))|). In our 
simulation, only TE polarization was modeled. 300 mineralized collagen fibril layers 
(thickness = df) are separated by the interfibrillar layer (thickness = ds). To mimic the partially 
disordered structure, we randomly varied each fibril thickness df from 50 to 125 nm, the 
distance between each fibril ds from 25 to 100 nm, and the angle of each fibril θf from −0.5 to 
0.5°, respectively. The refractive indexes of collagen fibril layer and separation matrix layer 
between each fibril were set to be 1.6 and 1.4, respectively. The mineralized collagen fibrils 
can be subject to elongation [17] and the mineral content within the collagen fibrils can lower 
the Poisson’s ratio [18]. Thus, a subtle thickness reduction in the mineralized collagen fibrils 
would be primarily attributable to the structural variation in our experiment. To model this 
potential structural change that can be derived from the tensile load in the longitudinal 
orientation, we reduced the thickness of each mineralized collagen fibril layer by 0.2%. 
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Fig. 3. Schematic of the quasi-1D multilayer structure. Each brown bar represents each 
collagen layer. Our numerical sample consists of 300 layers with a small titled angle to mimic 
the partially disordered bone structure under our experimental conditions. 
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3.1. Confirmation of coherent random lasing action 
We first confirmed coherent random lasing action from the bone specimen infiltrated with the 
laser dye before applying any loading. Figure 4(a) shows a typical random laser emission 
spectrum at the pumping power of 80 mW. The discrete and randomly distributed peaks in the 
emission spectrum are clearly observed, although the detailed spectral features are masked by 
the spectral resolution of the spectrometer (~0.2 nm). In Fig. 4(b), we plot the emission 
intensity as a function of the pumping power. A clear laser threshold behavior at ~45 mW 
confirmed the lasing action in the bone specimen. 
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Fig. 4. (a) Representative emission spectrum measured from the side of the bone specimen 
infiltrated with Rhodamine 800 before loading. The pump intensity was kept at 80 mW. (b) 
The output emission intensity as a function of pumping power. A clear laser threshold can be 
seen at ~45 mW. 
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Fig. 5. Lasing emission spectra recorded before loading (black solid line), under peak loading 
(red solid line), and after removal of loading (blue solid line). A clear shift of ~0.55 nm in all of 
the emission peaks can be observed under the peak loading (i.e. 2.0 lbs). After removal of the 
loading, the laser peaks restored to the original peak positions. The vertical gray lines are 
plotted to clearly visualize the wavelength shift. The spectra are shifted vertically for the clear 
visualization of each emission spectrum in the vertical axis. 
3.2. Spectral changes in random lasing emission during peak loading 
We further examined emission spectral changes at the notch area before loading, under peak 
loading, and after removal of the loading, while keeping the same experiment conditions and 
the same pumping power at 80 mW. In Fig. 5, representative spectra are normalized and 
vertically shifted for the clear visualization of each emission spectrum. Before the loading, the 
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2.0 lbs), the random laser emission peaks (the red curve) is clearly shifted to the left by ~0.55 
nm. After removal of the loading, most of them (the blue curve) return to the original 
spectrum. This experimental result strongly indicates that a structural alteration (i.e. 
compression along the transverse orientation) occurred in the pumping area during the 
peaking loading and this alteration disappeared after removal of the loading. 
3.3. Lasing emission spectral changes induced from nanoscale structural alterations 
We numerically studied that the possible structural alteration under our experimental 
conditions can induce spectral changes in the random lasing emission. The primarily 
responsible structural alteration in our experiments would be the thinning of the mineralized 
collagen fibrils. In this numerical study, the thickness of each collagen fibril layer was 
reduced by 0.2% of the original value of each collagen layer. Figure 6(a)  shows the 
representative eigenvalues before and after the thinning of the collagen fibril layer. We 
arbitrarily selected one of the high Q eigenvalues and visualized the electric field. Figure 
6(b1) and (b2) show the electric fields before and after the structural change, respectively. In 
this case, the eigenvalue changed from κ = 8.992 – 1.060*10
−2*i [1/μm] (the blue solid dot) to 
κ = 8.993 - 1.060*10
−2*i [1/μm] (the red solid dot), resulting in a spectral shift of ~0.08 nm. 
While the spatial distributions of both the electric fields are relatively preserved covering the 
large  area, the overall intensity increases after the thinning of the collagen fibril layers. 
Although other internal structural changes may contribute to the spectral change in the 
random laser emission, this simulation result supports the idea that the spectral properties of 
the random laser emission can be highly sensitive to nanoscale structural alterations. 
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Fig. 6. (a) Representative eigenvalues of the system. The blue circles are the eigenvalues of the 
original structure, while the red circles are the eigenvalues after reducing the thickness of each 
collagen fibril layers by 0.2%. (b1) Electric field intensity distribution at κ  = 8.992 - 
1.060*10
−2*i [1/μm] (the blue solid dot in (a)) (b2) Electric field intensity distribution at κ = 
8.993 - 1.060*10
−2*i [1/μm] (the red solid dot in (a)). 
4. Discussion 
4.1. Possible origins of the random laser spectral alteration 
A displacement of the while specimen might induce the spectral change in the random laser 
emission during the loading. However, this was highly unlikely to occur under our 
experimental conditions, because the loading stage maintained the observation region fixed 
during the loading. In addition, as shown in Fig. 5, the emission spectra contain the periodic 
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However, the emission spectrum under the peak loading possessed the same number of the 
laser emission peaks and the similar spacing among the laser emission peaks, while the overall 
spectral shape was slightly shifted to the shorter wavelength. This means that most of the 
lasing modes remained within the pumping area, given that lasing modes are formed only if 
the field distribution overlaps with the gain region [19,20]. Collectively, our results strongly 
support that the idea that the spectral shift in the lasing emission under the peak loading was 
caused by subtle structural alterations at the extremely small strain. 
4.2. Drawbacks of our current study 
The dehydration of the bone specimen may have changed the mechanical properties of the 
cortical bone specimen in our photoluminescence experiments, because the solvent of 
Rhodamine 800 was ethanol. However, we intended to demonstrate the sensitivity of coherent 
random lasing to nanoscale structural alterations as a proof-of-concept study. Thus, this issue 
would not be critical in our current study. In our numerical study, the thinning of the collagen 
fibrils may account for one of several possible nanoscale deformation mechanisms that can 
occur in our experimental conditions. For example, shear deformation of the interfibrillar 
matrix [17] or debonding of mineral crystals from the neighboring collagen fibrils [16] can 
induce spectral changes in the random laser emission. Another drawback of our current study 
is the lack of quantitative comparison with other convention techniques at such a small strain 
level for bone (e.g. electron microscopy, atomic force microscopy, or x-ray diffraction). In 
other words, the exact structural origin in the nanoscale deformation during this level of peak 
loading has not been determined by a conventional nanoscale measurement. We note that x-
ray diffraction methods are typically used to study relatively higher strains compared with our 
study. With fairly simple sample preparation, our random laser-based method allows the 
detection of extremely small strains and deformation. 
5. Conclusion 
We demonstrated that random lasers can be used as a mechanical or structural sensor to detect 
nanoscale deformation and prefailure damage in bone, and that the simple numerical study 
supports such feasibility. Although conventional nanoscale measurements such as electron 
microscopy, x-ray diffraction, and atomic force microscopy are highly valuable tools to study 
nanoscale mechanical and structural characteristics of hard tissue and biomaterials, they have 
limitations and restrictions in specific experimental situations. In this respect, our results from 
this pilot study suggest that random laser-based methods could potentially find their own 
unique applications. 
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